The purpose of these studies was to examine the role of cytokines in the pathogenesis of cisplatin nephrotoxicity. Injection of mice with cisplatin (20 mg/kg) led to severe renal failure. The expression of cytokines, chemokines, and ICAM-1 in kidney was measured by ribonuclease protection assays and RT-PCR. We found significant upregulation of TNF-a, TGF-b, RANTES, MIP-2, MCP-1, TCA3, IL-1b, and ICAM-1 in kidneys from cisplatin-treated animals. In addition, serum, kidney, and urine levels of TNF-a measured by ELISA were increased by cisplatin. Inhibitors of TNF-a production (GM6001, pentoxifylline) and TNF-a Ab's reduced serum and kidney TNF-a protein levels and also blunted the cisplatin-induced increases in TNF-a, TGF-b, RANTES, MIP-2, MCP-1, and IL-1b, but not ICAM-1, mRNA. In addition, the TNF-a inhibitors also ameliorated cisplatin-induced renal dysfunction and reduced cisplatin-induced structural damage. Likewise, TNF-a-deficient mice were resistant to cisplatin nephrotoxicity. These results indicate cisplatin nephrotoxicity is characterized by activation of proinflammatory cytokines and chemokines. TNF-a appears to play a central role in the activation of this cytokine response and also in the pathogenesis of cisplatin renal injury.
Introduction
Cisplatin is an effective chemotherapeutic agent used in the treatment of a wide variety of both pediatric and adult malignancies (1) . Dose-dependent and cumulative nephrotoxicity is the major toxicity of this compound, sometimes requiring a reduction in dose or discontinuation of treatment. Approximately 25-35% of patients develop evidence of nephrotoxicity following a single dose of cisplatin (2) .
Much attention has been focused on the direct toxic effects of cisplatin in renal tubular cells in vitro (2) . In this setting, cisplatin induces DNA damage (2, 3) , mitochondrial dysfunction (4) , formation of reactive oxygen species (5) , caspase activation (6), and either necrotic or apoptotic cell death, depending on the concentration of cisplatin (7, 8) . In ischemic acute renal injury, inflammatory mechanisms appear to play an important role in the pathogenesis (9, 10) . However, there is little information available regarding the role of inflammatory cells and cytokines in toxic nephropathy (11, 12) .
The molecular mechanisms and mediators responsible for inflammatory injury in either ischemic or toxic acute renal failure remain undefined. Oxidant stress, present in both ischemic and cisplatin-induced injury (13) (14) (15) , is an activator of the NFκB transcription factor, which, in turn, promotes the production of proinflammatory cytokines, including TNF-α (16) . TNF-α mRNA is increased in both ischemic and cisplatin renal injury (12) . However, a systematic examination of cytokine expression in cisplatin nephrotoxicity has not been reported. Likewise, the role of specific cytokines and chemokines in the pathogenesis of cisplatin nephrotoxicity has not been examined.
The purpose of the present study was to determine the profile of kidney cytokine gene expression in cisplatin nephrotoxicity and to examine the role of TNF-α in the pathogenesis of cisplatin-induced acute renal failure. We used ribonuclease protection assays and quantitative RT-PCR to measure the levels of mRNA for 30 chemokines and cytokines in kidneys from mice treated with nephrotoxic doses of cisplatin. Additional studies employed inhibitors of TNF-α release or activity and mice lacking a functional TNF-α gene to assess the role of TNF-α in the transcriptional, functional, and histologic sequelae of cisplatin administration. The results indicate that TNF-α is a key element in a network of proinflammatory chemokines and cytokines activated in the kidney by cisplatin. Blockade of TNF-α action prevents the activation of this cytokine network and provides protection against cisplatin nephrotoxicity.
The purpose of these studies was to examine the role of cytokines in the pathogenesis of cisplatin nephrotoxicity. Injection of mice with cisplatin (20 mg/kg) led to severe renal failure. The expression of cytokines, chemokines, and ICAM-1 in kidney was measured by ribonuclease protection assays and RT-PCR. We found significant upregulation of TNF-α, TGF-β, RANTES, MIP-2, MCP-1, TCA3, IL-1β, and ICAM-1 in kidneys from cisplatin-treated animals. In addition, serum, kidney, and urine levels of TNF-α measured by ELISA were increased by cisplatin. Inhibitors of TNF-α production (GM6001, pentoxifylline) and TNF-α Ab's reduced serum and kidney TNF-α protein levels and also blunted the cisplatin-induced increases in TNF-α, TGF-β, RANTES, MIP-2, MCP-1, and IL-1β, but not ICAM-1, mRNA. In addition, the TNF-α inhibitors also ameliorated cisplatin-induced renal dysfunction and reduced cisplatin-induced structural damage. Likewise, TNF-α-deficient mice were resistant to cisplatin nephrotoxicity. These results indicate cisplatin nephrotoxicity is characterized by activation of proinflammatory cytokines and chemokines. TNF-α appears to play a central role in the activation of this cytokine response and also in the pathogenesis of cisplatin renal injury.
20-25 g. The TNF-α knockout mice (strain B6,129-Tnf tm1 Gkl ) and the control mice (B6129SF2/J) were obtained from The Jackson Laboratories (Bar Harbor, Maine, USA.) (17) . Mice were maintained on a standard diet, and water was freely available. Cisplatin (Sigma-Aldrich, St. Louis, Missouri, USA) was dissolved in saline at a concentration of 1 mg/ml. Mice were given a single intraperitoneal injection of either vehicle (saline) or cisplatin (20 mg/kg body weight [BW] ). This dose of cisplatin produces severe renal failure in mice (18) . Some groups also received TNF-α antagonists such as GM6001 or its inactive analogue GM6001(-) (10 mg/kg BW every 24 hours), neutralizing Ab (800 µg /kg BW as a single dose), or pentoxifylline (150 mg/kg BW every 12 hours). Blood was collected every 24 hours by tail vein bleeding for urea nitrogen and TNF-α measurement. Animals were sacrificed at different time intervals, and the tissue was processed for histology, RNA isolation, and TNF-α measurement.
Blood urea nitrogen measurement. Blood urea nitrogen was measured using a commercially available kit (Sigma-Aldrich).
Ribonuclease protection assay. The expression of multiple genes was studied by multiprobe ribonuclease protection assay (RPA) using the Mck1b, Mck3b, and Mck5 DNA template sets according to the manufacturer's instructions (PharMingen, San Diego, California, USA).
Yeast tRNA was included in each experiment as a negative control. Protected fragments were resolved in a 6% polyacrylamide-urea gel. The dried gel was exposed to x-ray film, and the resulting bands were quantitated by laser densitometry.
Quantitation of mRNA by real-time RT-PCR. Real-time RT-PCR was performed in an Applied Biosystems Inc. 7700 Sequence Detection System (Foster City, California, USA). Five micrograms total RNA was reverse transcribed in a reaction volume of 20 µl using Superscript II reverse transcriptase and random primers. The product was diluted to a volume of 500 µl and either 2-µl (actin) or 10-µl (all others) aliquots were used as templates for amplification using the SYBR Green PCR amplification reagent (Applied Biosystems) and gene-specific primers. The primer sets used were: mouse IL-1α (forward: CTCTAGAGCACCATGCTACA-GAC; reverse: TGGAATCCAGGGGAAACACTG), IL-1β (forward: CTCCATGAGCTTTGTACAAGG; reverse: TGCT-GATGTACCAGTTGGGG), IL-18 (forward: ACTGTA-CAACCGCAGTAATACGG; reverse: AGTGAACATTACA-GATTTATCCC), and ICAM-1 (forward: AGATCA-CATTCACGGTGCTG; reverse: CTTCAGAGGCAGG-AAACAGG). The amount of DNA was normalized to the β-actin signal amplified in a separate reaction (forward primer: CATGGATGACGATATCGCT; reverse: CAT-GAGGTAGTCTGTCAGGT).
TNF-α quantitation by ELISA.
The levels of TNF-α in tissue, urine, and serum were quantitated using an ELISA assay (Quantikine Mouse TNF-α kit; R&D Systems Inc., Minneapolis, Minnesota, USA). For measurement of kidney TNF-α, kidney tissue was homogenized in PBS containing 0.05% Tween-20. Aliquots containing 300 µg of total protein were used for the TNF-α assay.
Histology and immunohistochemistry. Kidney tissue was fixed in buffered formalin for 12 hours and then embedded in paraffin wax. Five-micrometer sections were stained with PAS or naphthol AS-D chloroacetate esterase (kit no. 91A; Sigma-Aldrich). The esterase stain identifies infiltrating neutrophils and monocytes. Thirty ×40 fields of esterase-stained sections were examined for quantitation of leukocytes. Tubular injury was assessed in periodic acid-Schiff-stained (PAS-stained) sections using a semiquantitative scale (11, 19, 20) in which the percentage of cortical tubules showing epithelial necrosis was assigned a score: 0 = normal; 1 = <10%; 2 = 10-25%; 3 = 26-75%; 4 = >75%. The individual scoring the slides was blinded to the treatment and strain of the animal.
Statistical methods. All assays were performed in duplicate. The data are reported as mean ± SEM. Statistical significance was assessed by unpaired, two-tailed Student t tests for single comparisons or ANOVA for multiple comparisons.
Results
Cytokine expression in cisplatin nephrotoxicity. Kidneys were harvested 6, 24, 48, and 72 hours after injection of cisplatin. Cytokine gene expression was determined either by RPA or by real-time RT-PCR. Figure 1 shows a series of RPA assays using templates for the detection of cytokine genes. A number of cytokine transcripts, e.g., TNF-α, RANTES, MCP-1, IP-10, TCA3, and MIP-2, were upregulated. In most cases, the upregulation was evident 24-48 hours after injection. Upregulation was often sustained to 72 hours, though in some cases, e.g., MCP-1 and IP-10, the peak of expression occurred by 24-48 hours and was decreasing by 72 hours. RT-PCR indicated that IL-1β and ICAM-1 were upregulated 27-fold and 7.6-fold, respectively, at 72 hours (see Figure 4) . In contrast, IL-1α and IL-18 showed no consistent change in expression.
TNF-α in serum, urine, and kidney tissue. The role of TNF-α in toxic nephropathy is unknown. As noted above, we found TNF-α mRNA was increased in cisplatin nephrotoxicity, consistent with a recent report by Deng et al. (12) . We also measured TNF-α protein levels in serum, kidney, and urine. As shown in Figure  2a , serum levels of TNF-α were increased approximately eightfold in cisplatin-treated animals. Levels of TNF-α within the kidney (Figure 2b ) were increased to an even greater extent. Figure 2 also shows the effects of GM6001, pentoxifylline, and neutralizing TNF-α Ab's on the levels of TNF-α. GM6001 is an inhibitor of TACE, or ADAM-17, the enzyme responsible for cleavage and release of membrane-anchored TNF-α into the circulation (21) . GM6001 almost completely prevented the increase in both serum and kidney TNF-α content after cisplatin injection. An inactive structural analogue of GM6001 had no effect on serum TNF-α levels. Pentoxifylline and the TNF-α Ab also inhibited the rise in serum and tissue TNF-α levels. Urine TNF-α ( Figure  2c ) was undetectable in saline-treated mice and was markedly increased in mice injected with cisplatin. In contrast to its effects on serum and kidney TNF-α, GM6001 did not reduce urine TNF-α.
Role of TNF-α in cisplatin-induced gene expression. The results above indicate that several cytokines, including TNF-α, are upregulated in cisplatin-induced renal injury. Many of the upregulated genes are known to be controlled by TNF-α (22) . To determine if cytokine gene expression in cisplatin renal injury is driven by TNF-α, we determined the effects of GM6001 and pentoxifylline on cisplatin-induced cytokine expression. Cytokine expression was determined by either RPA (Figure 3 Levels of TNF-α in serum (a), kidney (b), and urine (c). GM(-) is a structural analogue of GM6001 that does not inhibit TACE. All levels were measured 72 hours after injection. ND, not detectable. *P < 0.01 vs. saline, + P < 0.01 vs. cisplatin. (a) n = 4-15; (b) n = 2-9; (c) n = 7-15. GM6001(-), GM(-); cis, cisplatin; pentoxi, pentoxifylline.
Figure 3
Effect of TNF-α inhibitors on renal cytokine expression. Mice were injected with either saline, cisplatin, or cisplatin with GM6001, or pentoxifylline and sacrificed at 72 hours. Cytokine transcripts were measured by RPA as in Figure 1 . All lanes are from the same gel. Lanes 1 and 2 are shown in Figure 1 and are included here to facilitate comparison with the TNF-α inhibitor samples.
the cisplatin-induced increases in TNF-α, TGF-β, RANTES, MIP-2, MCP-1, and IL-1β were blunted by the TNF-α inhibitors. In contrast, the TNF-α inhibitors did not reduce significantly ICAM-1 mRNA.
Effect of TNF-α antagonists on cisplatin-induced renal dysfunction.
To address the role of TNF-α in the pathogenesis of cisplatin-induced acute renal failure, renal function was measured in animals treated with cisplatin in the presence or absence of GM6001 or a neutralizing TNF-α Ab. As shown in Figure 5 , the TNF-α inhibitors reduced the blood urea concentrations in mice treated with cisplatin. The more effective of these agents, GM6001, reduced the urea concentration by over 50%. The improvement in renal function was also reflected in less severe histologic damage ( Figure 6 ). Cisplatin treatment resulted in severe tubular injury reflected by cast formation, loss of brush border membranes, sloughing of tubular epithelial cells, and dilation of tubules. These changes were absent in kidneys from animals injected with cisplatin and GM6001. Semiquantitative assessment of histologic injury yielded tubular necrosis scores of 0.05 ± 0.05 in saline-treated mice, 3.2 ± 0.3 in cisplatin-treated mice, and 0.6 ± 0.1 in mice treated with cisplatin and GM6001. The differences between the cisplatin-treated mice and either the saline or cisplatin plus GM6001-treated mice were significant (P < 0.004, n = 2-8).
Cisplatin nephrotoxicity in TNF-α knockout mice. The previous experiments used pharmacologic and immunologic means of inhibiting TNF-α secretion and/or action. The pharmacologic agents we employed are not specific for TNF-α. Pentoxifylline, for example, can affect blood flow (23) and the secretion of IL-1, IL-6, IL-8, and IL-10 (24). GM6001 may inhibit metalloproteinases other than TACE. In addition, TACE has a number of substrates other than membrane-bound TNF-α (25, 26) . To confirm that the effects of these agents on cisplatin nephrotoxicity were mediated through TNF-α, we used mice in which the TNF-α gene had been genetically inactivated (17) . In the wild-type strain, cisplatin produced severe renal failure ( Figure 7 ) and marked histologic evidence of renal tubular necrosis (Figure 8) . In comparison, the TNF-α knockout mice demonstrated significantly less renal functional impairment ( Figure 7 ) and developed much less pronounced histologic damage (Figure 8 ) after injection with cisplatin. The tubular necrosis scores for the cisplatin-treated TNF-α knockout mice (0.9 ± 0.6) were significantly less than for the cisplatin-treated wild-type mice (3.4 ± 0.3, P = 0.014, n = 3 for each group).
Leukocyte infiltration in cisplatin nephrotoxicity. Leukocyte infiltration was measured using the napthol AS-D chloroacetate esterase stain. As shown in Figure 9 , in either Swiss-Webster or in TNF-α wild-type mice, cisplatin injection produced a large increase in leukocytes within the kidney cortex. In contrast, TNF-α knockout mice, or mice treated with GM6001, had little or no increase in leukocytes.
Discussion
Cytokines and chemokines form complex regulatory networks characterized by both positive-and negative-feedback relations between the various elements of the network. The elements of a renal cytokine network that may be active in cisplatin nephrotoxicity have not been defined. In addition, the role of cytokines in the pathogenesis of cisplatin nephrotoxicity has not been established. Accordingly, the present studies had two major goals. First, we determined the effect of cisplatin administration on the expression of a broad array of cytokines and chemokines within the kidney. Second, having noted
838
The 
Figure 4
Effects of TNF-α inhibitors on cytokine gene expression. Cytokine gene expression was measured 72 hours after injection of cisplatin (black bars) or cisplatin and either GM6001 (white bars) or pentoxifylline (gray bars) by either RPA or real-time RT-PCR. In each experiment, the expression levels were normalized to the expression of either GAPDH or actin and are expressed relative to saline-treated control mice. n = 3-5 for each condition.
Figure 5
Effect of TNF-α inhibitors on cisplatin nephrotoxicity. Mice were injected with saline (squares), 20 mg/kg cisplatin (circles), cisplatin and GM6001 (triangles), or neutralizing TNF-α Ab (inverted triangles), as described in Methods. Blood urea nitrogen was measured at the indicated times. *P < 0.01 vs. cisplatin, n = 4-7.
that TNF-α was increased at the RNA and protein level following cisplatin administration, we examined the possible role of TNF-α in cisplatin nephrotoxicity. Several results are noteworthy. First, several cytokines and chemokines were upregulated in the kidney in association with cisplatininduced acute renal failure. As reported by Deng et al. (12), we found that mRNA levels for TNF-α were increased by cisplatin. In addition, levels of IL-1β, RANTES, MIP-2, MCP-1, TCA3, TGF-β1, and IP-10 mRNA were increased. Of these, only an increase in IP-10 had been noted previously in cisplatin nephrotoxicity (27) . Lemay et al. (28) and Takada et al. (29) have examined cytokine expression in renal ischemiareperfusion injury. As in cisplatin toxicity, increases in TNF-α, IL-1β, MCP-1, and MIP-2 occurred, albeit with different kinetics. Only small increases in either RANTES or IL-1α expression were seen in ischemiareperfusion (28, 29) , while IL-6 and IL-11 were upregulated in ischemia-reperfusion but not in cisplatin nephrotoxicity. The reasons for the differences in cytokine expression and the pathophysiologic significance of these differences remains to be determined. It is possible that the different patterns of expression reflect differences in the cellular sources of cytokine production, e.g., infiltrating leukocytes versus renal parenchymal cells, in the two models. In this regard, the sites of expression of the various cytokines in either ischemia-reperfusion injury or cisplatin toxicity are unknown. TNF-α and IL-1β are proinflammatory cytokines and are often elevated in parallel. Indeed, TNF-α and IL-1β stimulate the production of one another (22) and act synergistically to stimulate the production of other cytokines and chemokines (30) . RANTES, MCP-1, and MIP-2 are chemotactic for a variety of leukocytes, including neutrophils, monocytes, natural killer cells, and T lymphocytes (31) . Which of these leukocyte populations may participate in cisplatin nephrotoxicity is unknown. In the case of ischemia-reperfusion injury, evidence exists implicating both neutrophils and lymphocytes (10, 19, 20, 32) .
Second, levels of TNF-α in the serum, kidney tissue, and urine were increased after cisplatin injection. Increases in serum TNF-α were reported by Kelly et al. (19) in a model of ischemia-reperfusion injury. However, elevations in serum and urine TNF-α concentrations have not been reported in toxic nephropathy. As will be discussed, elevated renal expression of TNF-α appears to play a pathogenic role in cisplatin nephrotoxicity. Further studies will be required to determine if measurement of serum or urine TNF-α levels may have value in identifying individuals with early cisplatin nephrotoxicity.
Third, inhibition of TNF-α release or TNF-α activity afforded protection from cisplatin nephrotoxicity. 
Figure 7
Cisplatin nephrotoxicity in wild-type (circles) or TNF-α knockout (triangles, squares) mice. Mice were injected with saline (squares) or 20 mg/kg cisplatin (circles, triangles). Blood urea nitrogen was measured at the indicated times. *P < 0.01 vs. wild-type cisplatin-injected mice, n = 4-7.
These results were confirmed in mice lacking a functional TNF-α gene. Taken together, these results provide strong support for the view that TNF-α is an important component in the mechanism of cisplatin nephrotoxicity. These results are consistent with the observations that αMSH and IL-10, which suppress the formation of proinflammatory cytokines (33), including TNF-α, ameliorate cisplatin toxicity (12) . Recent reports suggest that TNF-α may play a role in acute renal ischemic (34, 35) and endotoxemic (36) injury, as well. Inhibition of TNF-α action, either with a TNF-binding protein (34) or neutralizing Ab's (35) , reduced ischemic injury in rats. In contrast, neutralization of IL-10, which suppresses TNF-α production, exacerbated ischemic injury (35) . We note that the TNF-α inhibitors reduced but did not completely prevent cisplatin nephrotoxicity. The failure of anti-TNF-α treatments to provide complete protection against cisplatin-induced injury likely reflects the presence of TNF-α-independent pathways of cisplatin injury.
Comparisons of the effects of TNF-α inhibition with other maneuvers reported to ameliorate cisplatin renal injury are difficult due to methodologic differences that include the cisplatin dose, administration schedule, and species or strain of animal. The protection noted in the present study was similar to that observed using anti-ICAM-1 Ab's (11), iron chelators (13), or heme oxygenase induction (37) , but somewhat less than that from IL-10 (12). Of interest, TNF-α inhibition was more effective in reducing cisplatin injury (this study) than ischemic renal injury (34, 35 ). It may not be possible to generalize the results of this study to other forms of toxic acute renal failure. For example, in mercuric chloride-induced renal injury, ICAM-1 Ab's (38), αMSH and IL-10 (39), had no protective effect and anti-TNF-α Ab's had only a modest protective effect (40) .
The mechanism whereby TNF-α contributes to cisplatin renal injury is not clear. TNF-α could itself cause injury to renal epithelial cells. TNF-α is capable of inducing apoptosis in a renal epithelial cells (41, 42) . At low concentrations, cisplatin induces apoptosis in cultured renal epithelial cells (6, 7, 43) . Moreover, cisplatin
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Figure 9
TNF-α dependence of leukocyte infiltration in cisplatin nephrotoxicity. Sections of kidney harvested 72 hours after injection were stained for leukocytes as described in Methods. Thirty ×40 fields of kidney cortex were examined from each animal. The total number of leukocytes in those 30 fields is presented in the figure. *P < 0.02 vs. saline or cisplatin plus GM6001. n = 2-7. WT, wild type; KO, knockout.
activates caspase 8, typically associated with activation of TNF-α or Fas receptors (6) . In preliminary studies (not shown) we have shown that cisplatin can induce the production and release of TNF-α by renal epithelial cells in vitro. Thus, it is possible that autocrine production of TNF-α may mediate a portion of cisplatininduced apoptosis in renal epithelial cells. Strong evidence supports a role for reactive oxygen species in the pathogenesis of cisplatin nephrotoxicity (13) (14) (15) . TNF-α stimulates the production of reactive oxygen species (44) . However, the role of reactive oxygen species in TNF-α toxicity is unclear because free radical scavengers can either decrease (44) or increase (45) TNF-α cytotoxicity. TNF-α could also produce oxidant stress by sensitizing infiltrating leukocytes so they respond with increased oxidant formation (46) . Moreover, oxidant stress may increase the production of TNF-α and other cytokines by activation of NFκB (47) . For example, iron chelators, shown to reduce cisplatin injury (13) , also reduce LPS-stimulated TNF-α release from mesangial cells (48) . Thus, TNF-α could either result from or cause oxidant injury in cisplatin nephrotoxicity.
Finally, TNF-α may contribute to cisplatin nephrotoxicity by inciting an inflammatory response within the kidney. The upregulation of IL-1β, RANTES, MCP-1, and MIP-2 by TNF-α may promote the migration of inflammatory cells into the renal parenchyma. The absence of upregulation of these molecules in mice treated with TNF-α antagonists and the decrease in leukocyte infiltration in TNF-α-deficient mice supports this possibility. Confirming earlier reports (11, 12) , we also found an increase in ICAM-1 expression in cisplatintreated kidneys. However, ICAM-1 expression was not appreciably diminished by TNF-α antagonists (Figure 4 ) or in the TNF-α knockout mice (not shown), indicating that ICAM-1 expression is not TNF-α dependent in this model. This result is similar to that found by Burne et al. (49) in a murine model of ischemia-reperfusion injury. In that study, mice lacking both the TNF-R1 and IL-1R1 had lower neutrophil infiltration at 24 hours after reperfusion compared with wild-type mice, but ICAM-1 expression was increased to a similar extent in both sets of mice. Thus, ICAM-1 expression in the kidney appears to be TNF-α independent and may be necessary (11, 19) , but not sufficient (49) , for leukocyte-mediated injury in acute renal failure.
In summary, we have shown that cisplatin induces the expression of a variety of inflammatory chemokines and cytokines, including TNF-α, within the kidney. Blockade of TNF-α action prevented the upregulation of these other cytokines and also ameliorated cisplatin nephrotoxicity. These results demonstrate an important role for TNF-α in cisplatin nephrotoxicity. These findings are of particular interest given the availability of anti-TNF-α therapies for use in humans. Additional studies to examine the role of TNF-α in human cisplatin nephrotoxicity are warranted.
